Cyclodextrin inclusion complexes (CD-ICs) can be encapsulated into electrospun nanofibers in order to achieve delivery systems having high surface area and highly porous nanofibrous structures. In this study, a well-known antioxidant molecule, a-tocopherol between a-TC and b-CD. SEM revealed that bead-free nanofibers were successfully produced from PCL/a-TC/b-CD-IC system. PCL nanofibers encapsulating a-TC without CD-IC was also produced for comparison (PCL/a-TC-NF). Antioxidant test results showed that PCL/a-TC/b-CD-IC-NF had higher antioxidant activity as compared to PCL/a-TC-NF in methanol:water (1:1) system due to the stabilization and solubility increment of a-TC in the cavity of b-CD. PCL/a-TC/b-CD-IC-NF was more stable against UV-light when compared to PCL/a-TC-NF due to the presence of inclusion complexation. In brief, PCL/a-TC/b-CD-IC-NF with the advantages of having nanofibrous structure and encapsulating CD-ICs, may serve as a novel route for administration of a-TC due to its higher antioxidant activity and better UV-light stability.
Introduction
Cyclodextrins (CDs), nontoxic cyclic oligosaccharides (Fig. 1a) , are produced by enzymatic degradation of starch. They consist of a-1,4-linked glucopyranose units forming the truncated-cone shape molecular structure (Fig. 1b) [1] . The most widely used CD types are a-CD, b-CD and c-CD having 6, 7 and 8 glucopyranose units, respectively. The cavity size depends on the type (i.e. $6, 8 and 10 Å for a-CD, b-CD and c-CD) while the depth of the above-mentioned CDs are identical and $8 Å [1, 2] . CDs are known for their ability to build up non-covalent inclusion complexes (ICs) with a variety of molecules in appropriate polarity and dimension by the substitution of high-enthalpy water molecules and guest molecule [1, 2] . The formation of IC leads to considerable improvements in the properties of the guest molecules such as protection from evaporation, http://dx.doi.org/10.1016/j.eurpolymj.2016.04.029 0014-3057/Ó 2016 Elsevier Ltd. All rights reserved. degradation and oxidation; enhancing solubility, chemical stability; and controlling the release rate [1, 3, 4] . The most common application of CDs in the pharmaceutical area is related with the solubility, dissolution rate and bioavailability of drugs. Moreover, CDs are used not only for releasing of the drug molecules [5, 6] but also masking the undesirable physicochemical properties in pharmaceutical applications [7] [8] [9] [10] [11] [12] .
a-Tocopherol (a-TC) (Fig. 1c) which is the main component of vitamin E is generally used as a drug in wound dressing applications. But it is a poorly soluble compound and has other drawbacks like decomposing when exposed to oxygen, light, alkali pH, trace of transition metal ions [13] . Recently, there has been a rising interest of using CDs in order to overcome limitations of antioxidants, antibacterials, drugs and provide advantages as mentioned above. The studies associated with IC of a-TC with CDs were reported in the literature as well to increase solubility [14, 15] and improve oxidative stability of foods [16] . In addition to these studies, there are studies in which a-TC/CD-IC incorporated into polymeric films [17] [18] [19] . In the study of Siró et al., it was stated that diffusion rate of a-TC from polymeric films reduced when it is in the cavity of CD [17] . In a study conducted by Koontz et al., the protection of the polymer from oxidative degradation and delay in the onset of oxidation of the packaged food during storage was achieved by inclusion complexation of a-TC [18] . In another study of Koontz et al., it was deduced that polymeric films including CD-IC of a-TC can be used for the extension of the shelf life of food products [19] .
Electrospinning has received considerable attention during recent years because it is a convenient and efficient method to fabricate nanofibers possessing high surface to volume ratio and porous structure from variety of polymeric materials [20] [21] [22] . In addition, functional electrospun nanofibers incorporated with active molecules [23] [24] [25] [26] and CD-IC of different compounds incorporated electrospun nanofibers having the properties of both CD-IC and electrospun nanofibers were produced [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
In this study, a commonly used antioxidant molecule, a-TC was used for evaluating the capability of CD-IC incorporated nanofibers as a drug carrier system. Since the above-mentioned drawbacks of a-TC including its hydrophobicity and instability against oxygen, light, alkali pH, trace of transition metal ions limit its usage; here, we aimed to overcome these limitations that are common in most of the drugs by inclusion complexation with CDs [41] . Polycaprolactone (PCL) has slow degradation rate, biodegradability and non-toxicity; that's why it is widely used as carrier for drugs in wound dressing, drug delivery and pharmaceutical applications in the literature [42] [43] [44] [45] . Therefore, it was selected as a polymeric matrix for this study.
Materials and methods

Materials
PCL (Mn $70,000-90,000 g/mol, Sigma Aldrich, Germany), a-TC (P96%, Sigma Aldrich, Germany), b-CD, (gift from Wacker Chemie AG, Germany), formic acid (FA, extra pure 98-100%, Sigma Aldrich, Germany), acetic acid (AA, extra pure 100%, Sigma Aldrich, Germany), methanol (extra pure, Sigma Aldrich, Germany), methanol chromasol (Sigma Aldrich, Germany), potassium phosphate monobasic (Riedel de Haen, Germany), disodium hydrogen phosphate dodecahydrate (Riedel de Haen, Germany), sodium chloride (99.0-100.5%, Sigma Aldrich, Germany), polysorbate 20 (Sigma Aldrich, Germany), 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma Aldrich, Germany) were purchased and used as received without any further purification. The water used in the experiments was distilled-deionized from a Millipore Milli-Q ultrapure water system.
Preparation of solutions
IC of a-TC and b-CD (a-TC/b-CD-IC) (Fig. 1d) was incorporated in PCL nanofibers (PCL/a-TC/b-CD-IC-NF) by electrospinning (Fig. 1e) . A free a-TC without CD-IC was also incorporated in PCL nanofibers (PCL/a-TC-NF) for a comparative study. PCL/a-TC solution was prepared by dispersing 10% a-TC (w/w, with respect to polymer) in FA:AA (1:3, v/v) at room temperature (RT) and then 15% PCL (w/v) was added into the solution. Finally, the solution was stirred for 6 h before electrospinning. For producing PCL/a-TC/b-CD-IC-NF, a-TC was used at 2:1 M ratio to b-CD (a-TC:b-CD). 2:1 stoichiometry was preferred instead of using 1:1 in order to incorporate much more amount of a-TC in the nanofiber matrix. PCL/a-TC/b-CD-IC solution was prepared by dispersing 10% a-TC (w/w, with respect to polymer) in FA:AA (1:3, v/v) at RT, thereafter 13% b-CD (w/w, with respect to polymer) was added into the dispersion a-TC. After stirring the solution at RT overnight, 15% PCL (w/v) was added and the solution was stirred for an additional 6 h before electrospinning. Vials were covered with aluminum foil during the stirring period to protect a-TC from light-induced degradation. For comparison, we have also prepared the solution of PCL (15%, w/v) in FA:AA (1:3, v/v) without a-TC or a-TC/b-CD-IC and PCL nanofibers (PCL-NF) were obtained. The compositions of the above-mentioned solutions used for the electrospinning of nanofibers are summarized in Table 1 .
Electrospinning
PCL, PCL/a-TC and PCL/a-TC/b-CD-IC solutions were subsequently loaded into a 3 mL plastic syringe with metallic needle having an inner diameter of 0.8 mm. The solutions in the syringes were pumped at a constant rate (0.5 mL/h) by syringe pump (WPI, SP 101IZ). A fixed electrical potential of 15 kV was applied from a high voltage power supply (AU Series, Matsusada Precision Inc.). Nanofibers were deposited on a grounded cylindrical metal covered with aluminum foil which was placed at a distance of 8 cm from the needle tip. The electrospinning of the nanofibers was carried out in an enclosed Plexiglas box at 22-26°C under 17-20% relative humidity.
Phase solubility studies
Phase solubility studies were carried out according to the previously described method [46] . Briefly, excess amount of a-TC was added to 10 mL of aqueous solutions of b-CD ranging in concentration from 0 to 0.016 M. Then, the suspensions were stirred in dark at RT for 12 h to achieve the equilibrium. After equilibrium was achieved, the samples were filtered through a membrane filter and analyzed spectrophotometrically at 292 nm (Varian, Cary 100). The experiment was carried out in triplicate and the phase diagram was drawn by plotting the molar concentration of a-TC against the molar concentration of b-CD. Each data point was the average of three determinations. The apparent stability constant (K s ) was calculated from the phase solubility diagram with the assumption of 1:1 stoichiometry according to the following equation:
where S 0 is the intrinsic solubility of a-TC.
Crystalline structure of a-TC/b-CD-IC
X-ray diffraction (XRD) (PANalytical X'Pert powder diffractometer) patterns for as received b-CD, physical mixture of a-TC and b-CD (a-TC/b-CD-PM) and a-TC/b-CD-IC were recorded in powder form to investigate the crystalline structure by applying Cu Ka radiation at a range of 2h = 5-30°. Table 1 The properties of the solutions used for electrospinning and morphological characteristics of the resulting nanofibers. 
Viscosity and electrical conductivity measurement
The viscosity measurements of PCL, PCL/a-TC and PCL/a-TC/b-CD-IC solutions were performed at RT by Brookfield Viscometer DV-II + Pro equipped with cone/plate accessory using the spindle type CPE-51 and the electrical conductivity of the solutions were measured by Inolab Ò Multi 720-WTW at RT.
Morphology analysis of nanofibers
The morphological characterization of the electrospun PCL-NF, PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was carried out by using scanning electron microscopy (SEM, FEI -Quanta 200 FEG). The nanofiber samples were prepared by mounting nanofibers on metal stubs using a double-sided copper adhesive tape and coated with 5 nm Au/Pd layer (PECS-682) prior to SEM observation to minimize charging of the samples. In order to determine diameter distributions and average fiber diameter (AFD) of the nanofibers, about 100 fibers were analyzed from SEM images.
Thermal analysis of nanofibers
The thermal properties of a-TC (liquid), b-CD (powder), PCL-NF, PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF were analyzed via thermogravimetric analysis (TGA, TA Q500, USA). For measurement, samples were heated from 25°C to 500°C at a rate of 20°C/min under N 2 purge.
Antioxidant activity
The antioxidant activity of a-TC after incorporation into PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF were investigated via DPPH radical scavenging assay. PCL-NF was also used as control. PCL-NF (4. The cumulative amount of a-TC released from PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF were investigated for 24 h using total immersion method. The nanofibrous webs were individually immersed in 30 mL of phosphate buffer saline including 10% methanol (v/v) and 0.5% polysorbate 20 (v/v) (PBMT) at 37°C, and the solutions were stirred at 50 rpm. Methanol and polysorbate 20 were added to help the solubilisation of a-TC in the releasing medium. At specified time intervals between 0 and 24 h, 0.5 mL of the sample solution was withdrawn and the solution was replenished with equal volume of fresh medium. The amount of a-TC released from nanofibers into PBMT were determined via high-performance liquid chromatography (HPLC, Agilient 1200 Series) equipped with VWD UV detector set at 292 nm. Chromatographic separation of a-TC was achieved by C18 column (Agilient, column dimension: 4.6 mm Â 150 mm, particle size: 5 lm) operating at 1 mL/min. The mobile phase for separation was 98:2 methanol:water (v/v) and the injection volume was 10 lL. The cumulative amount of a-TC released from the samples at each immersion period was converted to concentration (ppm) according to the calibration curve obtained via the calibration samples prepared in PBMT. The release experiments were performed in triplicate and the results were reported as the average ± standard deviation.
The antioxidant activity (%) of a-TC released from PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF at the end of 24 h into PBMT at 37°C was also investigated according to DPPH method. 0.5 mL of the sample withdrawn from the solutions of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF were added to 2.5 mL of 10 À4 M DPPH prepared in methanol. After 30 min of incubation when the system reached equilibrium, the absorbance of the solutions was measured via UV-Vis NIR spectroscopy (Varian, Cary 5000) at the wavelength of 517 nm. As mentioned above, antioxidant activities (%) were calculated according to Eq. (2). These experiments were carried out in triplicate and the results were reported as the average ± standard deviation.
Photostability
PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF were tested for their photo-induced degradation. Nanofibers were cut into square shaped samples and exposed to UV light (300 W, Osram Ultra-Vitalux, E27/ES) from a distance of 30 cm for 65 min. The photostability of a-TC in PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was investigated by performing in vitro release test according to procedures explained in the release study part. The results were compared with the results obtained from release studies of non-treated nanofibers. These experiments were conducted in triplicate and the results were given as average ± standard values.
Results and discussion
Phase solubility studies
The phase solubility diagram of a-TC and b-CD is presented in Fig. 2 . The solubility curve can be classified as A n type [46] . The solubility of a-TC increased linearly as the concentration of b-CD in the range from 0 to 0.012 M. When the b-CD concentration exceeds 0.012 M, less soluble complex formation was observed and the solubility of a-TC started to decrease starting from that point. So, the solubility of complexes was higher than free a-TC. Fig. 4a- c. Bead-free PCL-NF with 255 ± 130 nm average diameter was produced. Then, a-TC or a-TC/b-CD-IC was incorporated into PCL solution and bead-free PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF having 205 ± 115 nm and 345 ± 140 nm average diameter were obtained, respectively. Employing beaded nanofibers to incorporate various additives could be problematic, because beads might encapsulate some of the additives. In addition to that, inhomogeneous distribution of the additive throughout the nanofibers could be observed. In order to investigate how the viscosity and electrical conductivity affect the fiber diameter, viscosity and electrical conductivity measurements were performed and the results are shown with morphological findings and AFD of the resulting electrospun nanofibers in Table 1 . The variations in AFD among the samples are most likely due to the differences in the viscosity and electrical conductivity of the solutions. The lower AFD of PCL/a-TC-NF compared to PCL-NF might be due to the lower viscosity of PCL/a-TC solution than PCL solution. Since lower viscosity induces the polymer jet to be stretch and elongate readily thus nanofibers with thinner diameter is obtained [21] . The viscosity of PCL/a-TC/b-CD-IC and PCL solutions was similar, whereas the electrical conductivity of PCL/a-TC/b-CD-IC solution was lower than PCL solution. The lower electrical conductivity is known to cause less stretching of the solution, and the diameter of the nanofiber increases [21] . Therefore, AFD of PCL/a-TC/b-CD-IC-NF was higher than PCL-NF. Moreover, we did not observe any noticeable a-TC decomposition. The second weight loss starting from 300°C in PCL/a-TC/b-CD-IC-NF is attributed to the decomposition of b-CD and PCL. Thus, the thermal stability of a-TC did not change by the formation of inclusion complexation [16] . Finally, the amount of a-TC was calculated as $8% from the TGA thermogram of PCL/a-TC/b-CD-IC-NF and this was consistent with the initial amount of a-TC used for PCL/a-TC/b-CD-IC-NF. It can be concluded from TGA results that the thermal stability of a-TC did not reduce by complexation.
Morphology analysis of nanofibers
SEM images and AFD along with fiber distribution of PCL-NF, PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF are shown in
Antioxidant activity
DPPH is a stable radical which can easily be scavenged by an antioxidant compound and therefore it is a widely used compound to test the free radical scavenging of antioxidant molecules. The mechanism of the assay is based on the reduction of DPPH through an antioxidant that is the donor of electron and hydrogen atom [49, 50] . a-TC which is an antioxidant molecule transforms DPPH radical into its reduced form, 2,2-diphenyl-1-picrylhydrazine (DPPH-H) by losing its phenolic hydrogen. Thus free radical character of DPPH is neutralized and the purple colour of the solution turns to yellow. DPPH is soluble in alcohols and using long-chain alcohols results in dissociation of the complex even at low concentrations. So, DPPH is usually dissolved in short-chain alcohols such as methanol and ethanol. Since hydrophobic (relatively low polarity) medium of alcohols reduce the hydrophobic driving force for complexation, they are not suitable for CD-ICs. That's why; the amount of methanol was reduced while dissolving the DPPH, because DPPH precipitates if the methanol amount is less than 50%. So, we have decided to use methanol:water (1:1) medium in addition to methanol for evaluating antioxidant activity of guest molecules in the cavity of CDs. Although PCL-NF does not include any antioxidant molecule, it had 10 ± 4% and 11 ± 3% antioxidant activity in methanol and methanol:water (1:1) systems, respectively (Table 2 ). This activity might be related with the absorption of DPPH due to the high surface area of the nanofibers providing more contact with the medium. The antioxidant activity of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF in methanol were calculated as 96 ± 0% and 96 ± 0%; whereas PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF have exhibited 22 ± 1% and 57 ± 2% antioxidant activity in methanol:water (1:1) medium ( Table 2 ). As seen from the results, the antioxidant activity of PCL/a-TC/b-CD-IC-NF and PCL/a-TC-NF was similar in methanol. Since a-TC might release quickly from CD cavity and PCL nanofibers toward methanol most probably due to the high solubility of a-TC in methanol. Therefore, the difference in the antioxidant activity of PCL/a-TC/b-CD-IC-NF in two medium might be related with the position of a-TC according to the cavity of b-CD. The antioxidant activity of a-TC is almost 35% higher in PCL/a-TC/b-CD-IC-NF compared to PCL/a-TC-NF in methanol:water (1:1), the improvement is likely due to the solubility increment and stabilization of a-TC in the CD cavity [51] . The colour of DPPH solution prepared in methanol turned from purple to yellow for both PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF. This result showed that there is no more DPPH molecule to be deactivated in the system. However, the colour of the solution in which PCL-NF was immersed did not change noticeably. As regards to DPPH solutions prepared in methanol:water (1:1), the colour of the solution in which PCL/a-TC-NF was immersed turned from purple to lighter purple, and the lightest purple colour was observed in the solution of PCL/a-TC/b-CD-IC-NF. As a result, PCL/a-TC/b-CD-IC-NF exhibited better antioxidant activity than PCL/a-TC-NF in methanol:water (1:1) system, but the antioxidant activity of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was similar in methanol system. Fig. 6 shows the release of a-TC from PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF at 37°C into PBMT for 24 h and the release profile can be analyzed basically in two stages. Initial rapid release was up to 4 h; then the release rate slowed down and followed by a steady release stage, thus no more a-TC released further. The rate of a-TC release from PCL/a-TC/b-CD-IC-NF was found to be similar with PCL/a-TC-NF in the initial period (4 h). The total amount of released a-TC was 23 ± 2 ppm and 18 ± 3 ppm from PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF, respectively. The difference in total release of a-TC could be due to the lower percentage of a-TC in PCL/a-TC/b-CD-IC-NF in comparison with PCL/a-TC-NF. Additionally, fibrous structure of nanofibers was still kept after the release experiments as seen from representative SEM images in inset of Fig. 6 .
The antioxidant activity of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was calculated after release experiment as well. As seen from Table 2 , the antioxidant activity of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was calculated to be 26 ± 3% and 32 ± 5%, respectively. We could not obtain high antioxidant activity values like we obtained in previously mentioned systems due to the different procedure of antioxidant activity tests. Because taken samples was diluted firstly by 30 mL of PBMT and then with 2.5 mL of DPPH. Although PCL/a-TC/b-CD-IC-NF released less amount of a-TC than PCL/a-TC-NF in the release experiment (Fig. 6 ), its antioxidant activity was higher compared to PCL/a-TC-NF. Increment in the solubility of PCL/a-TC/ b-CD-IC-NF as shown in phase solubility diagram and stabilization of a-TC in CD cavity was most likely the reasons for higher antioxidant activity. In addition, the colour of the solution in which PCL/a-TC/b-CD-IC-NF was immersed was yellowish; whereas the colour of PCL/a-TC-NF was purplish. It is also important to mention that, antioxidant activity results showed that incorporated a-TC retained its radical scavenging ability in PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF despite the existence of the interactions between a-TC and PCL nanofibers after electrospinning [52] .
Photostability
The photodegradation might reduce the bioavailability of drugs by producing toxic photodegradation products. Therefore, providing high photostability of drugs is significant for pharmaceutical industry. On the other hand, the additive compounds which are used in sunscreen formulations as an antioxidant agent scavenge free radicals. However, it was previously Table 2 The antioxidant activity (%) of electrospun nanofibrous webs. reported that a-TC degrades when it is exposed to UV light [13] . So, the photostability of a-TC is of vital importance in its applications as a drug and an antioxidant. Of different methods to inhibit photodegradation products, side effects; and to maintain activity of antioxidant molecules, inclusion complexation with CDs is a promising approach. Since it is a known fact that CDs have protecting ability for compounds against oxidation, volatility, visible or UV light, heat [1] . According to the release of a-TC from non-treated nanofibers, the percent (%) of a-TC that had been released from UV-treated nanofibers was 91 ± 1% of non-treated nanofibers; whereas UV-treated PCL/a-TC/b-CD-IC-NF released 97 ± 0% of a-TC in non-treated nanofiber. Therefore, the protection of a-TC from UV light is more efficient (about 6%) in PCL/a-TC/b-CD-IC-NF most probably due to inclusion complexation between a-TC and b-CD. Since CD-ICs provide a more apolar environment that reduces the photolytic reaction [53] . In addition, screening effect also gives rise to the protection of photostability owing to the prevention of passing of light toward the guest molecule [53] . As seen from the representative SEM images of UV-treated PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF in Fig. 7 , nanofibers maintained their fibrous structure, thus UV light did not deteriorate the fibrous morphology of PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF up to 65 min under the applied conditions.
Nanofibers
Conclusion
Incorporating CD-ICs of drugs with electrospun nanofibers might be a good alternative for drug carrier systems. In this study, a-TC was used as a model hydrophobic drug, PCL/a-TC-NF and PCL/a-TC/b-CD-IC-NF was produced through electrospinning method. The successful formation of a-TC/b-CD-IC was shown by using XRD. The solubility of a-TC increased with the addition certain amount of b-CD as revealed from phase solubility diagram. PCL/a-TC/b-CD-IC-NF was superior to PCL/a-TC-NF due to the presence of CD-IC providing higher oxidative stability and stronger photostability of a-TC. As a result, PCL/ a-TC/b-CD-IC-NF could be an alternative material for the topical delivery of poorly soluble drugs.
